The aim of this study was to explore the potential role of TRPC6 in the pathophysiology of HK-2 cell injury following ischemia reperfusion (I/R).
Background
The kidneys are easily influenced by ischemia-reperfusion (I/R) injury due to their physical structure and function. Renal I/R is a common clinical problem associated with acute kidney injury (AKI), which may progress to chronic kidney disease and lead to high mortality. It is typically characterized by oliguria, a severe reduction in glomerular filtration rate, a variable fall in renal blood flow, and renal tubular epithelial cell injury [1] . The pathophysiology of I/R is complex. Following I/R, renal cells may undergo apoptosis, necrosis, and/or necroptosis, also known as programmed necrosis [2, 3] . A previous study of AKI suggested that apoptosis was more involved than necrosis in the process of cell injury following acute renal ischemia (4) . Several hypothesis, including oxygen abnormality, calcium abnormality, PH abnormality, and activation of complement system, have been proposed [1] . However, the detailed molecular mechanisms involved in renal I/R injury have not been well-established.
As a member of the transient receptor potential family of calcium channels, transient receptor potential channel 6 (TRPC6) is a receptor-activated nonselective cation channel that is homogeneously expressed throughout the central nervous system and peripheral tissues, including the kidneys [5] . It has been suggested to play a significant role in I/R injury of the lungs, retinas, and brain [6] [7] [8] . Our previous bioinformatics study identified TRPC6 as an up-regulated differentially expressed gene in the pathogenesis of I/R injury, suggesting that it may be a potential novel target for therapy [9] . However, the potential role of TRPC6 expression in renal I/R injury has not been investigated. The primary target of renal I/R injury is renal tubular epithelial cells [10] . TRPC6 expression has been reported in the cytoplasm of renal tubular epithelia cells [11] . Therefore, in the present study, the potential role of TRPC6 in cell injury following I/R was investigated by transfection of TRPC6 siR-NA into renal tubular epithelial HK-2 cells. The cell apoptosis and necrosis and expression of related proteins following I/R injury were investigated.
Material and Methods

HK-2 cell culture
Human renal tubular epithelial HK-2 cells were obtained from the Kunming Cell Bank of the Chinese Academy of Sciences (Kunming, China). Cells were cultured in DMEM/F12 medium (HyClone, Logan, UT, USA) supplemented with 5 ng/mL epidermal growth factor (EGF; Sigma, USA), 10% fetal bovine serum (FBS; Gibco, Grand Island, NY), 10 μg/mL penicillin (Invitrogen), and 10 μg/mL streptomycin (Invitrogen) at 37°C in 5% CO 2 atmosphere. Cells were sub-cultured when 70-80% confluence was reached.
To observe the TRPC6 expression in HK-2 cells, cells were passaged onto a confocal laser dish for 24 h and then fixed in 4% paraformaldehyde at 4°C for 20 min, and permeabilized in 1% Triton X-100 for 10 min. The cells were then incubated with rabbit anti-TRPC6 polyclonal antibody (1:50, Santa Cruz Biotechnology, Santa Cruz, CA) at 4°C overnight, followed by fluorescein isothiocyanate (FITC)-labeled secondary antibody (1:50) for 1 h. Nuclei were counterstained with Hoechst 33258 (Sigma, USA). Fluorescence signals were visualized by a confocal laser scanning microscopy (Leica Microsystems, Heidelberg, Germany).
TRPC6 siRNA transfection
To obtain suitable siRNA to knockdown TRPC6 expression, 3 fragments of siRNA against human TRPC6 were designed and synthesized by Guangzhou RiboBio Co., Ltd (Guangzhou, China). A non-specific siRNA served as a negative control (NC siRNA, Sense: 5'-UAAGGCUAUGAAGAGAUAC-3', Anti-sense: 3'-AUUCCGAUACUUCUCUA UG-5'). The sequences for TRPC6 siRNAs were: TRPC6 siRNA-1 Sense: 5'-GGACCAGCAUACAUGUUUAdTdT-3', Anti-sense: 3'-dTdTCCUGGUCGUAUGUAC AAAU-5'; TRPC6 siRNA-2 Sense: 5'-GUUCAAGAAUGACUACAAA dTdT-3', Anti-sense: 3'-dTdTCAAGUUCUUACUGAUGUUU-5'; TRPC6 siRNA-3 Sense: 5'-GCUUCUAGCUA UUAGUAAAdTdT-3', Anti-sense: 3'-dTdTC-GAAGAUCGAUAAU CAUUU-5'. HK-2 cells were transfected with TRPC6 siRNAs or NC siRNA using lipofectamine 2000 reagent (Invitrogen, Carlsbad, CA, USA) according to the manufacturer's instructions.
To determine the transfection efficiency of TRPC6 siRNA, Western blot assay was performed. Briefly, cells were transfection with TRPC6 siRNA for 48 h, washed 3 times with cold phosphate-buffered saline (PBS), and then lysed in RIPA lysis buffer. The total protein concentrations were determined using a BCA Protein Assay Kit (Pierce, Rockford, IL, USA). Protein samples were separated using 4% sodium dodecyl sulfatepolyacrylamide gel electrophoresis (SDS-PAGE), transferred to polyvinylidene fluoride membranes, and blocked with nonfat dry milk. The sections were then incubated with rabbit anti-TRPC6 polyantibody (1:300, Santa Cruz Biotechnology, Santa Cruz, CA) or mouse anti-b-actin antibody (1:1000, Santa Cruz Biotechnology, Santa Cruz, CA, USA), followed by the respective horseradish peroxidase (HRP)-conjugated secondary antibodies. The immunoreaction products were visualized with diaminobenzidine (DAB kit, Zhongshan Bio-Tech Co., Zhongshan Bio-Tech Co., Ltd., Beijing, China). TRPC6 siRNA with the best knockdown effect was used for further study.
Determination of in vitro ischemia-reperfusion model in HK-2 cells
An In vitro I/R model was induced by adapting the method described previously [12] . Briefly, the HK-2 cells (NC siRNA or TRPC6 siRNA-1 transfected, or without transfection as normal control) were washed with PBS and re-suspended in PBS supplemented with 1.5 mmol/L CaCl 2 and 2.0 mmol/L MgCl 2 . A layer of mineral oil (Sigma, USA) was deposited onto the surface to induce ischemia for 6 h. Cells were then separated and washed 5 times with PBS before transfer to culture medium. Cells were reoxygenated for 2, 6, or 12 h to induce the I/R model. Cell morphology was observed with an inverted fluorescence microscope.
To further confirm the suitable reoxygenation condition for this study, apoptosis and necrosis of HK-2 cells were determined by Annexin V-FITC/PI double staining and quantified by flow cytometry (FACSCalibur, Becton Dickinson, Franklin Lakes, USA) after reoxygenation for 0, 2, 6, and 12 h. After being reoxygenated for specific times, cells were harvested, resuspended in PBS, and were then successively stained with 5 μL Annexin V-FITC (Beyotime Biotechnology, Shanghai, China) and 10 μL propidium iodide (PI, Beyotime Biotechnology, Shanghai, China) for 5 and 15 min in the dark, respectively. Flow cytometry was used to quantify cell apoptosis and necrosis. The results are shown as quadrant dot plots with intact cells (Annexin V-/PI-), apoptotic cells (Annexin V+/PI-), necrotic cells (Annexin V+/PI+), and mechanically damaged cells (Annexin V-/PI+).
Confirmation of necroptosis using necrostatin-1
Based on the model mentioned above, we used necrostatin-1 (Sigma, USA), an inhibitor of necroptosis, to determine whether necroptosis existed in the HK-2 cells during I/R injury. Cells (normal control, NC siRNA, and TRPC6 siRNA) were subdivided into 3 groups depending on whether they underwent reoxygenation or addition of necrostatin-1 (20 μmol/L) before I/R insult, respectively. Cell apoptosis and necrosis was determined by flow cytometry as mentioned above.
Western blot analysis of necroptosis-related proteins
The expression of necroptosis-related proteins was analyzed as mentioned above using the antibodies against sirtuin-2 (Abcam, Cambridge, MA, USA), receptor-interacting protein kinase 1 (RIP1) (Santa Cruz Biotechnology, Santa Cruz, CA), poly (ADP-ribose) polymerase 1 (PARP-1) (Santa Cruz Biotechnology, Santa Cruz, CA), and apoptosis-inducing factor (AIF) (Santa Cruz Biotechnology, Santa Cruz, CA).
Intervention effects of OAG, SKF96365, or KN-93 during I/R injury
To further investigate the role of TRPC6 on the cell apoptosis and necrosis following I/R injury we used: OAG (Sigma, USA), a TRPC6 activator; SKF96365 (Sigma, USA), a TRPC6 inhibitor; and KN-93 (Sigma, USA), a CaMKII inhibitor. Cells (normal control, NC siRNA, and TRPC6 siRNA) were divided into 5 groups according to whether reoxygenation was performed or OAG (20 μmol/L), SKF96365 (10 μmol/L), or KN-93 (10 μmol/L) was applied before the I/R insult, respectively. Cell apoptosis and necrosis and protein expression of RIP1 and PARP-1 were analyzed using the above methods.
Statistical analysis
All data are expressed as mean ± standard deviation (SD). Statistical analyses were performed with SPSS version17.0 (SPSS Inc., Chicago, IL, USA). Data were subjected to a oneway analysis of variance (ANOVA). Differences were considered significant at P<0.05. 
siRNA inhibited TRPC6 expression in HK-2 cells
Transfection of TRPC6 siRNAs significantly inhibited the protein expression of TRPC6 in HK-2 cells, and the TRPC6 siRNA-1 showed the best effect on TRPC6 knockout (Figure 2) . Therefore, TRPC6 siRNA-1 transfected HK-2 cells were used for the following study.
Six hours was chosen to be the reoxygenation time to induce I/R model Cell morphology following I/R insult was determined. HK-2 cells were plump and showed typical cobblestone morphology under the normal condition ( Figure 3A) . After ischemia for 6 h, cells were thinner, shrunken, and lacked normal morphology ( Figure 3B ). Many thinner cells that lacked normal morphology were observed spread out on the surface, and sporadic dead 
This work is licensed under a Creative Commons Attribution-NonCommercial-NoDerivs 3.0 Unported License cells were also noted after reoxygenation for 2 h ( Figure 3C ). Further reoxygenation for 6 and 12 h resulted in many floating dead cells ( Figure 3D, 3E ).
Flow cytometric analysis showed a progressive increase in apoptotic and necrotic cells with increasing reoxygenation time in cells of all 3 groups (p<0.05). However, as shown in Figure 3F , necrosis of the TRPC6 siRNA transfected cells was comparatively higher than that of the other 2 groups (p<0.05), while apoptosis of HK-2 cells was not significantly different among the groups. This resulted in a significantly higher apoptosis/necrosis ratio in HK-2 cells transfected with TRPC6 siRNA compared to NC siRNA transfected or non-transfected cells (p<0.05). In combination of cell morphology and apoptosis and necrosis of HK-2 cells following I/R, a reoxygenation time of 6 h was used for further study. 
TRPC6 expression and necroptosis in the HK-2 cells during I/R injury
Western blot analysis showed that I/R could induce the TRPC6 expression in HK-2 cells. Protein expression of TRPC6 was significantly upregulated in HK-2 cells transfected with NC siRNA or without transfection after reoxygenation for 6 h (p<0.05). However, TRPC6 expression in TRPC6 siRNA transfected cells only showed a slight increase compared with the cells without reoxygenation ( Figure 4A ).
Treatment of cells with necrostatin-1, an inhibitor for necroptosis, suppressed the I/R-induced necrosis, although apoptosis of HK-2 cells transfected with TRPC6 siRNA was still significantly higher than that of the other 2 groups ( Figure 4B ).
Elevated expressions of necroptosis-related proteins following I/R injury
Protein expressions of the necroptotic pathway following I/R insult were evaluated. Western blot results showed that I/R induced significant upregulation of necroptosis-related proteins (RIP1, PARP-1, and sirtuin-2) in HK-2 cells transfected with NC siRNA or without transfection ( Figure 5 ; p<0.05). There was no obvious change in protein expression of AIF following I/R in any of the groups (data not shown). In cells transfected with TRPC6 siRNA, however, PARP-1 expression was not significantly induced by I/R, and RIP1 expression was markedly upregulated when compared with the other two groups, while protein expression of sirtuin-2 showed a pattern similar to that of cells of the other 2 groups. These results suggest that TRPC6 may participate in the necroptosis of cells following I/R injury.
OAG, SKF96365, and KN93 further affected necrosis and necroptosis-related protein following I/R insult
As shown in Figure 6A , OAG treatment markedly reversed the I/R-induced necrosis, while application of SKF96365 or KN93 resulted in the further enhanced cell necrosis in all 3 groups after reoxygenation for 6 h (p<0.05). However, necrosis of cells transfected with TRPC6 siRNA was always significantly higher than in the other 2 cell groups (p<0.05). The expression of the necroptosis-related proteins was further investigated. Western blot analysis showed remarkably downregulated RIP1 and upregulated PARP-1 expressions following I/R in the presence of OAG, while the opposite effects were observed when either SKF96365 or KN93 were used ( Figure 6B ). -permeable ion channel protein TRPC6 is known as an intrinsic constituent of receptor-operated cation entry, and is involved in numerous physiological processes. In the kidney, TRPC6 has been reported to express throughout the kidney, specifically in podocytes [13] . However, the previous published reports on TRPC6 expression in the renal tissues/cells were discordant. TRPC6 expression has been reported in the cytoplasm of renal tubular epithelia cells and HK-2 cells [11, 14, 15] , while the study by Riccio et al. indicated that TRPC6 was homogeneously expressed throughout the different tissues, yet no TRPC6 transcripts were detected in the HK-2 cell lines [5] . Therefore, in the present study, protein expression of TRPC6 in HK-2 cells was investigated. Our results showed that TRPC6 was intensively expression in the cytoplasm of HK-2 cells, consistent with the results reported by Liu and Ji [11] . TRPC6 is an intrinsic constituent of receptor-operated cation entry, which may participate in numerous physiological functions [16] . There is growing evidence that TRPC6 may be involved in cell injury following I/R in target organs [6] [7] [8] . In the kidney, TRPC6 has been thought to be enriched in the podocyte foot process and to be an essential component of the glomerular slit diaphragm, which is required for normal renal function [17] . Upregulation of TRPC6 channels has been reported following renal I/R injury and was suggested to be involved in podocyte response to ischemic injury [18] . However, another study of the roles of TRPC6 in other cells also indicated that TRPC6 signals were reduced in the collecting ducts following acute renal tubular injury [19] . The renal tubular epithelial cells were reported to be the primary target of renal I/R injury [10] . However, the potential role of TRPC6 expression in the response of renal tubular epithelial cells to I/R insult has not been investigated. Therefore, in our study, TRPC6 expression following I/R insult of HK-2 cells was detected. The findings of our study show that I/R insult induced a significant upregulation of TRPC6 expression in HK-2 cells, consistent with the results of previous studies, which indicated a significantly increased expression of TRPC6 following I/R injury [6, 8, 18] . These results were dramatically different from the other studies, which showed a markedly downregulated TRPC6 expression induced by I/R insult [19] [20] [21] . Our study also showed that apoptosis and necrosis of HK-2 cells were significantly enhanced following I/R, while TRPC6 knockdown by siRNA resulted in increased necrosis but not apoptosis. Treatment of cells with necrostatin-1, an inhibitor for necroptosis, significantly suppressed the I/R-induced cell necrosis. The detection of necroptosis in our study gave rise to the hypothesis that TRPC6 may play a role in I/R injury through inhibition of necroptosis in HK-2 cells.
Necroptosis is a newly discovered form of cell death characterized by morphological features resembling non-regulated necrosis. Receptor-interacting protein kinase (RIP)-dependent necroptosis has been identified and suggested to play a more important role in the pathophysiological course of ischemic kidney injury than apoptosis [3, 22] . In the setting of I/R injury, RIP1 has been reported to be deacetylated in a sirtuin 2-dependent manner [23] , and was associated with PARP-1 activation and AIF translocation [24, 25] . Therefore, the expression of necroptosis-related protein (RIP1, PARP-1, sirtuin-2, and AIF) was determined. The result showed that protein expressions of RIP1, PARP-1, and sirtuin-2 were significantly induced following I/R insult of HK-2 cells, while siRNA knockout of TRPC6 further enhanced I/R-induced upregulation of RIP1 expression and reversed the I/R-induced PARP1 expression, but showed no effect on sirtuin-2 expression following I/R. All these results provided further evidence that TRPC6 may be involved in necroptosis during I/R injury. The OAG, SKF96365, and KN93 were then further used to investigate the effect of TRPC6 expression on I/R-induced necroptosis. Our findings showed that OAG, a TRPC6 agonist, significantly reversed the necrotic effect of the TRPC6 siRNA knockout following I/R. However, utilization of SKF96365, which is a TRP channel inhibitor, and KN93, which is a specific inhibitor of Ca2+/calmodulin (CaM)-dependent kinase II (CaMKII) that regulates TRPC6 channel activity, were found to further enhance the effect of TRPC6 siRNA knockout in cell necrosis following I/R insult of HK-2 cells. All these results suggest that TRPC6 may play a protective role in I/R injury through blocking I/R-induced necroptosis.
Conclusions
Our study described the expression and functional relevance of TRPC6 in the pathophysiology of HK-2 cells following I/R injury. Our results on the ability of TRPC6 to specifically interrupt necroptosis may shed new light on its role in prevention and control of ischemic kidney injury.
